Transient response of n-type AlGaAs/GaAs and InP/InGaAs quantum well infrared photodetectors ͑QWIPs͒ has been studied using an ensemble Monte Carlo particle method. It has been shown that the photocurrent initiated by an ultrashort pulse of infrared radiation reveals a sharp peak associated with the electron velocity overshoot effect. The existence of the photocurrent peak results in a plateaulike region in the QWIP frequency-dependent responsivity in the terahertz range. This effect can be used for heterodyne detection in QWIP-based mixers at terahertz frequencies and for generation of terahertz radiation. Larger intervalley separation and, consequently, more pronounced electron velocity overshoot in InP-based QWIPs in comparison with QWIPs with AlGaAs barriers lead to higher performance of the former in the terahertz range of spectrum.
I. INTRODUCTION
Quantum well infrared photodetectors ͑QWIPs͒ utilizing electron intersubband transitions have a great potential as ultrahigh-speed/high-frequency devices. Promising highfrequency performance has recently been demonstrated for AlGaAs/GaAs QWIPs. [1] [2] [3] It has been shown theoretically 4, 5 that transit-time effect limited bandwidth in excess of 100 GHz can be obtained in QWIPs. Recently it was predicted using an ensemble Monte Carlo particle modeling 6, 7 that the QWIP frequency-dependent responsivity can reveal very slow decay in the range of frequencies far beyond the reciprocal electron transit time. This is due to the velocity overshoot effect 8, 9 being exhibited by photoexcited electrons just after their photoexcitation from QWs. The electron velocity overshoot effect can provide the QWIP operation in the terahertz range of spectrum. Although the value of the QWIP responsivity in the above range can be markedly smaller than that in the gigahertz range, QWIPs can be used as terahertz devices, for example for heterodyne detection and generation of terahertz radiation. In this paper a self-consistent ensemble Monte Carlo particle simulator 6 is used in order to investigate transient electron transport in n-type AlGaAs/ GaAs and InP/InGaAs QWIPs and estimate their potentials in the terahertz range of signal frequencies. We consider conventional QWIPs consisting of a multiple QW structure with thin doped narrow-gap layers forming QWs and relatively thick undoped wide-gap barrier layers. The structure is sandwiched between doped contact layers playing the role of the emitter and the collector.
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The model of QWIPs takes into account electron excitation from bound states in the QWs into continuum states, injection of electrons from the emitter through the extreme barrier, capture of the electrons into QWs, transport of the electrons across the QW structure and their escape to the collector in the self-consistent electric field, i.e., the processes responsible for the QWIP operation under illumination by infrared radiation. 6, 7 The band diagram of a QWIP under biasing voltage and main electron processes is shown in Fig. 1 . The response of QWIPs which are initially in steady-state condition to ultrashort pulses of infrared radiation is studied using the model in question. The Fourier transform of the calculated transient photocurrent yields the frequency-dependent responsivity of the QWIPs under consideration. We compare the QWIPs made of AlGaAs/GaAs and InP/InGaAs with AlGaAs and InP barriers, respectively.
In Sec. II we present some details of the modeling under consideration. In Sec. III we present calculated using the Monte Carlo method spatial distributions of the photoexcited electrons arisen due to illumination by ␦-like pulses of infrared radiation. Then we demonstrate temporal dependences of the photocurrent. The Fourier transform of the calculated response is used for the calculation of the QWIP frequencydependent responsivity. An analytical model of the frequency-dependent response is considered and used to approximate the characteristics obtained by the Monte Carlo modeling in Sec. IV.
II. MODELING DETAILS
We have used the Monte Carlo particle modeling described previously 6, 7 to calculate the transient response of
QWIPs to ␦-like probing pulses of infrared radiation:
͑1͒
Here I 0 is the steady state component of the infrared photon flux, Q is the energy of the pulse, ប⍀ is the energy of infrared photons, and ␦(t) is the Dirac ␦ function. Assuming that where i is the QW ionization energy and ⌬ ⌫L , ⌬ ⌫X are the intervalley separations, we consider the photoexcitation of the electrons from the bound states in the QW into the continuum states in the ⌫ valley. Taking into account inequality ͑2͒ the function ␦G(,t,x) characterizing the generation of the photoelectrons in the continuum states of the ⌫ valley, i.e., the photoelectron initial energy and spatial distribution was chosen in the form:
͑3͒
Here and x are the electron energy with respect to the bottom of the continuum states and the distance from the emitter contact, N is the number of the QWs and LϭL w ϩL b is the period of the QW structure, where L w and L b are the width of the QW and the barrier, respectively (L w ӶL b ). The initial steady-state potential distributions under constant applied voltage V and intensity of infrared radiation I 0 were calculated using the developed analytical model.
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The pulse power Q was supposed to be low enough that the photoexcitation does not significantly disturb the steady-state potential distribution. The modeling time was chosen to be longer than the lifetime of the photoexcited electrons in the QW structure. This time is defined by the processes of the capture of the electrons and their escape to the collector. More slow processes associated with the QW structure recharging were beyond our study. The QWIPs with the number of the QWs Nϭ4, 16 and 64, the periods of the QW structure Lϭ35-75 nm, under biasing voltages V corresponding to the average electric field EϭV/W ϭ20-80 kV/cm ͓Wϭ(Nϩ1)L is the thickness of the QW structure͔ at the temperature Tϭ77 K were considered. The donor sheet concentration in each QW ⌺ d , the photoexcitation cross section , and the initial energy of the photoexcited electrons with respect to the bottom of the continuum states subband ⌬ϭប⍀Ϫ i were chosen to be ⌺ d ϭ10 12 cm Ϫ2 , ϭ2ϫ10 Ϫ15 cm Ϫ2 and ⌬ϭ0.01 eV. The band structure and the scattering mechanisms parameters for Al 0.3 Ga 0.7 As and InP as the materials for the QWIP barriers were taken from Refs. 12 and 13. The capture of the electrons with the energies less than the optical phonon energy into the QWs can be characterized by the probability c, which was assumed to be in the range 14 c ϭ0.25-0.75.
III. FREQUENCY-DEPENDENT RESPONSIVITY
The spatial distributions of the photoexcited electron ͑⌫, L, and X electrons͒ concentrations at different moments calculated by the Monte Carlo method assuming ͑1͒-͑3͒ are Figure 2 demonstrates that in QWIPs with AlGaAs barriers at the initial stage almost all photoexcited electrons are concentrated in the ⌫ valley. After a rather short period of time these photoelectrons that are accelerated in the electric field acquire high kinetic energy and transfer into L and X valleys. As it is seen in Fig. 2 for times tу0.2 ps the L and X electrons dominate and the photocurrent is associated primarily with the latter. In contrast, in InP-based QWIPs the role of the upper valleys is insignificant ͑see Fig.  3͒ , at least at the biases under consideration. Such an effect is associated with relatively large intervalley separation in InP. This results in a higher value of the peak velocity v peak of the photoelectrons in InP/InGaAs QWIPs in comparison with AlGaAs/GaAs QWIPs ͑see Fig. 4͒ .
The frequency-dependent responsivity R() calculated using the Fourier transform of the dependencies of Figs. 5 and 6 for AlGaAs-and InP-based QWIPs are shown in Figs. 7 and 8. Their comparison ͑see Fig. 9͒ shows a higher value of R() exhibited by InP/InGaAs QWIPs compared with AlGaAs-based QWIPs. The frequency-dependent responsivity for QWIPs with different periods of the QW structure L and fixed number of the QWs N is shown in Fig. 10 . Figure  10 clearly demonstrates the increase of the responsivity with decreasing period of the QW structure ͑see also Fig. 11͒ . However the validity of the obtained results is limited by not too small values of the QW structure period due to overlapping of the wave functions of neighboring QWs if their period ͑and consequently, spacing͒ becomes too small.
IV. ANALYTICAL APPROXIMATION
Taking into account the fact that the behavior of the frequency-dependent responsivity R() in the range of not too low frequencies is determined by the electron transit time and the velocity overshoot effect one may obtain: 
͑6͒
in the range у tr Ϫ1 . Here R 0 ϭe⌺ d /2 ប⍀ is the characteristic value of the QWIP responsivity, tr ϭW/v s is the electron transit time across the QW structure, os ϭ2.718 (mv peak /eE) is the characteristic time of the velocity overshoot effect, and bϭ 7.39 mv peak 2 /eEW ϭ 14.78 peak /eEW, where e and m are the electron charge and effective mass ͑in the ⌫ valley͒, ប⍀ is the photon energy, and peak ϭmv peak 2 /2 is the peak kinetic energy. Formula ͑2͒ can be rewritten as
͑7͒
It is seen from formula ͑7͒ that ͉R()͉ increases with increasing v peak and decreasing L: ͉R()͉ϳ peak /LE and it does not depend on the number of the QWs. This is in good agreement with the results obtained using the Monte Carlo modeling ͑see, for example, Fig. 9͒ . Figure 11 demonstrates the calculated dependences of the frequency-dependent responsivity on the QW structure period L, which are also in agreement with formula ͑7͒.
The increase of R() with decreasing L is associated with the increase of the photoelectron contribution to the thermal ͑induced͒ current during the time when their velocity is large if L, and, consequently, the total width of the QW structure W, decreases (N is fixed͒. Thus, analytical formulas ͑4͒-͑7͒ yield a satisfactory approximation of the QWIP responsivity as a function of the signal frequency in the range of high values of the latter.
Using formula ͑7͒ one may estimate the characteristic value of the responsivity in the range of frequencies tr Ϫ1 ϽϽ os Ϫ1 . Assuming ប⍀ϭ0.1 eV ͑so that for ϭ2 ϫ10 Ϫ15 cm 2 and ⌺ d ϭ10 12 cm Ϫ2 , one has R 0 ϭ10 Ϫ2 A/W͒, Lϭ55 nm, Eϭ50 kV/cm, and using the values for peak from Fig. 4 , we obtain ͉R͉Ӎ0.05 A/W and 0.06 A/W for AlGaAs-and InP-based QWIPs, respectively.
One may estimate the gain-bandwidth efficiency product 15, 16 G of QWIPs operating in the regime utilizing the velocity overshoot of the photoexcited electrons using formula ͑7͒ ͑i.e., ignoring the range of relatively low frequencies͒ as follows:
Assuming R 0 ϭ10 Ϫ2 A/W, Lϭ55 nm, and v peak ϭ6 ϫ10 7 cm/s from ͑8͒ one has G os ϳ100 A/W GHz. Comparing the gain-bandwidth efficiency product due to the velocity overshoot effect G os and G calculated taking into account the transit-time effect limitation we obtain
These estimates show that the velocity overshoot effect can provide rather effective operation of QWIPs in the terahertz range of spectrum despite a relatively small absolute value of the frequency-dependent responsivity. This is primarily due to the very short characteristic time of the overshoot effect os and coherent contribution of the electrons photoexcited from all QWs.
V. CONCLUSION
An ensemble Monte Carlo particle method is used to study transient response and ultrahigh frequency performance of n-type AlGaAs/GaAs and InP/InGaAs QWIPs. It has been found that due to the velocity overshoot of the photoexcited electrons the photocurrent reveals very fast transient resulting in relatively large frequency-dependent responsivity in the terahertz region of spectrum. The estimates have shown that n-type AlGaAs/GaAs and, especially, InP/ InGaAs QWIPs can be effectively used for heterodyne detection of infrared signals and generation of terahertz radiation.
